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Abstract

Two schemes of four-wave mixing oscillatorn with nondegoaceaba
pumps are proposed for above-threshold generation of squeezncd  1ight
with nonzero mean-field smplitudes. Hoise and correlation properbios
and optical spectra of squeezed-light beame gencrated in Lhoene

schemes are discussed.

1. Introduction

The squeezed light generated to date has been in the main either
squeezed vacuum or squeezed light with an extremely small mean fieid
amplitude. Therefore there is much current interest in searching of
new schemes to generate sgueezed light with a large coherent cowmpo
nent of the field.

In this report we would like to present some nonlincar optical
schemes for generation of intense squeezed light with nonzero mean
amplitude. This¢ type of coherent squeezed-state light is called
sometimes bright squeezed light.

One of the important schemes for the generation of gsqueezed
1ight, realised experimentally, is based the process of nondegenc
rate four-wo.ve mixing (FWM) in a cavity. 1In this process an intense
pump field with frequency S {for certainty)} interacts via a nonli-
near medium with two modes of radiated field with freagueacies -,

1
w_, such that 2w —w 4w .
2 O 1 2
In contrast with this standard scheme of PWM, we propose to con-
sider the process of FWM under the pumping by two laser fields of

different frequencies w o, Wy As a result of coupling in nonlinear
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medium, a pair of photons of two pump fields AR Lranstoer L i
pair ot photons of spontanecusly generated signal field witls degeno
rate frequency . suach that u;iué—+2wo-

We study two different Your-wave mixing cond Lfuarat ons . The U eot
of them (see Fig.l) consists of a nonlinear medioum in a iyl cavilby.,
which couples two monochromatic copropagating pump beoms ol ditio-
rent colors (frequencies wos u}} with an intracavity sipnal soxie at
the halt-sum freguency u.vO:(«—ol s )/2. We considor the casa of Sponta
neous excitation of a aingle cavity resonant mode. 500w havae
dealing with a nearly ecollinear wave-vector matching condition

k +k ~2k .
1 2 (5]

Fig.1_. Scheme of the double-color-pumped FWM ascillator with o

single cavity-mode excitation.

In the first part of our report (see Section 2) we shall present
the results, related to the configuration of Fig.1. At the beginnins
of this part we would like to describe briefly some of the belaw
threshold results [1,2].

2.1. Squeezing of the central line of the resonance [ luorescence

in a bichromatic field in a cavity

We consider an ensemble of two-level atoms iunteracting in an op-
tical cavity with a bichromatic pump field and with a cavity mode of

radiation field. This pump field is treated classically and chosen
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in Lhe following form

NI D I AT i (w5 )
. - £ O
Bty = E f{z‘e[e + e ] (1)
It contains two components with egual amplitudes Eo/@h relative
phase 2 and frequencies w‘z;wofé, pymmetrically detuned from the

atossc bransition fregquency o

O

We have calculated the cavity-output intensity in the process of
resonance fluorescence {131, At this we do not regquire the execution
of any phase-matching conditions. The result for the inelastic part
ol the intensity is shown in Fig.2 as a function of the detuning of
the cavilty resonance fregquency ur from the atomic transition fre-
weaey . The curve is plotted for particular values of the pump
intensity parameter =2V /¢ and parametere T/, &/ (V is the matrix
element. of the dipole transition, ¢ is the atomic absorpltion coet-
ficient, » is the atomic spontanecus wight, I’ ie the cavity decay

rate)

IOut
ﬂ

2t
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Fig.2. Cavity output intensity versus (wc—wo)/?‘: £=5, 5/r=6,
Mfe=0,1.

We see that the intensity consist of a series of peaks with a
conatant spacing ¢&. They are symmetrically located about a central
peak, coinciding with the atomic traneition fregquency - This in-

tensity spectrum was experimentally studied by Y.Z2hu et al. 3] for
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two-level-like Ba atoms driven by two strong, equal-omplitude tields
with frequency separation 2¢. Note that the results of our calcula-
tions are in agreement with the experimental curves.

Let us turn now to the resulte, related to the quantum  fluctua-
tions in the process of FWM. We consider a generation of the mode
with frequency equal to the resonance 1lucsrescence ceatral line
wo:(m{ug)/”h The calculation of the guadrature-phase fluctuations
show that this wo—mode is excited in a sgqueezed state. The optimal
value of the squeezing spectrum S(w) is realized at zero freqguency
and the maximal sBqueezing may reach 35%. The dependence of the quan-
tity S”nh(wZO) on the pump intepsity parameter - =2 /5 is plotted  in
Fig.3 {2}.
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Fig.3. Peak Bqueezing S_  (0) versus ¢ for TI'/==G.1 - {a),

bR al

I'/e=0.01 - (b). The squeezing is absent for valuese of &,
for which the probabilities of one and Utwin mbmphoton

radiation processes cancell each other.

In order to interpret this result, note that the excitation of
the wo—mode in a cavity is caused by a nonlinear spontaneous process
of two-photon radiation by an atom in a bichromatic field. In a low
order of interaction it may be represented by the following graphs
(see Fig.4). It is essential that there is a strong pair correlation
between the photons of frequency w« . This correlation has a souper-
bunching behavior and manifeste itself in the reduction of quadratu-

re fluctuations below the shot-noise level.
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Fig. 4. 1llustration of the procese of two-photon absorption at
freguencies wlzrwoté of the pump fields with the

emission of two photone at frequencily m0=(w1«ﬁ2»/2-

2.2. Above threshold results in a parametric modcel of FWM

in the presence of phase modulation

Now we consider a simple parametric model of four-wave mixing
under bichromatbtic pumping in order to obtain the equeezing results
above the generation thresghold. In our analysis we include +the ef-
fects of seli-phase modulation and crose-phaese modulation.

We describe the nonlinear medium phenomenologically by the third

order susceptibility xa>- S50 we start from the following Hamilto-

nian
H= hoa'a + hx Se*e¥* +aEE &+ hx ava? &
c 2 12 1 2 4
+ hx[|E1{2+]E2[z]a+a + (a'T4aly , (2)

where a+,a are creation and annihilation operators of the intracavi-
ty mode, w_ is the cavity resonant frequency. The second term in
Eq.(2) describes the [our-wave interaction with coupling constant x,
proportional to x . The third and forth term describe the self-
rhase wodulation and cross-phase modulation. The fifth term accounts
for the coupling of the cavity mode with reservoir, which will give

rise to Lthe cavity demping constant ». The guantities Ei, Ez are the
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complex amplitudes of the pump fields at frequunciuu«%, v AL fii
arly collinear phase matching condition these pump  Pields  generate
an intracavity signal mode with Trequency moﬁiu34ué}/f%- Pa Lhis con
figuration the pump fields travel through the mediun only once. 5o
it is possible to neglect the pump depletion and tread Fl, Fz YA T
fixed constants.

With use of standard methods, we obtain the following differentii

al equations for the stochastic amplitude of bhe sigool mode o

gT = oy b i[A«x— {]E1 |2+]E2 12]]“ ’3-*- et z"n‘i'l}:'xw‘ PR (P

where A:w0~m is the cavity detuning parameter. The ooise  Lerm K
< ()

has the following correlator

oy - e 1 21 ‘
R_(ER, (t)> = - [Eif,z y o ]z. TR (1)

Note that without the phase-modulation terms equations of  mGLion
would be the same as for the degenerate parametric oscillator  and
degenerate four-wave mixing below threshold. The novel foatures  and
results in our system are connected with the incorporation ot the
self-phase modulation term. This term resalts in the above bLhrechold
generation of the signal field. Let us coasider the ostable oteody-

state solution for the ocutput intensity. It is equal to

Ic~-.n:2'v<a-i-a)___.&v[t_:__[“- 2y |E '] ¥ (]lelqzﬂ.’zlzmz] S5

In Fig.5 we plot the normalized output intensity as a funchion of
the parameter sz:sz/? for the case of equal amplitudes of the PR
fields ]E |:|E ‘:E-
1 2
The zero intensity solution is stable below the generation  thro-

shold at £2<£i and well uabove-threshold at 52}55, whiere

. Ve T
£2 =1 [Z‘i— % {fi]z—'a] , el o= 2 /{J ] - (6
A 3 Y 2 B

‘'he nonzero-intensity soclution given by hq-{o) is stable o the o

. 2 2 . : e
gion 1l<& ey and have a meaning for 4 less thao » Y3, We see that 4
. . . . . . 2, 2
bistable behaviocur of the output is realized in the region 1< SN

4

1T

Now let us turn out to the problem of sqgueezing. The spectrum  of
the ocutput field above threshold is obtained in A standard line-
arized treatment of gquantum fluctuations. Curves for cqueezing spoec-

tra S{w) versus w/}r arvi the spectral value S(wcw} at, the polnts of
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optimal fregquency !J":J'L\'wp vaersus the pump fiald intensity paramaetor
£ =BT ¢ Ay if%iibijzzik?] y are plotted in Fig.§ (a).{b}).

Iout

Fig.5. Cutput intensity of the PWM oscillator voersus the Pnt.an

asity of the pump Tieldwss: 4/ 0b.

i S(w) S (coopt)
1.0

1.5

)

Fig.6. (a) - Sgueezing spectrom versas o0 for AJe b, - 1.8
{dotted line) and ¢ =4.8 (solid line); (b)) - dependence of

. ~ 5 2 .
the quantity 5 (w i) on £ for &0 b,
(;I ;“1

1t should be noted that the experimental measurcmont of Lhoe noise
on the gqudrature component in a similar PWM configuration has  beon
carried out by D.Grandclement et al [4]. They did not find the sgue
ezed nolise reduction. This is not so surprising because, as follows
from our analysis., squeezing is realized for properly chosen  valuoes

2
of parameters A/ and & .
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3. Intracavity parametric FWM with nondegenecate pubpt.
Above-threshold results on bripht squecxing ot Lhe thires

intracavity modes

This part of our report is devoted Lo the resulbs on bripght squo
ezing in the configuration of FWM, where the two laser driving
{ields propagate in the direction of the cavity axis (sec Fig 7).
These driving fields feed two intracavity pump modes ol Lhe: Droguen
cies e v ‘The pump modes generat@ a sipgnal mode at thaiv half sum
frequency wol(wiﬂozL/Z and the wave-vector matching coundition are
executed exactly (E‘}Kzi2§n)- So the configuration of FWM with tras

intracavity resonant modes of frequencies wesoe and o P ooy rmed.
-4 »

w, | {w,
Wy
> >
> > W,
> W,
2

ATl X

Wy s Gy, W,

1
*

Fig.7. Scheme of the double-color-pumped FWM oscillator with
three intracavity modeatﬂ, o, G 0%4%2:2ﬁ0)_

In this configuration the effects of motual influence of the pump
and signal modes are essential. So we take into accouant bLhe puep
depletion. The consideration is simplified however in that we lgnoro
the phase modulation terms.

Note that the advantages of this scheme of ¥YWM, as compared to
the standard nondegenerate WM with a single pump mode, are caused
by the following. As shown below the effect of phase diffusion is

absent here. As a result, the output field for each of tha three
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modes have nonzero mean amplitudes with a definite phases.

Thuse we start from the following Hamiltonian
2

z : + . 42 + + X
H = hw_a,a.«t-zh-"-\:- [aaa —aaa) +
3 01 i 2 1 2 0O 1 2 o

1] =0

+ihZ[Ee—Wta - ] Z[ar +aF (7)

k=1 }j=o0
As compared to the previous model, now we take 1into account the
quantization of the pump modes and incorporate: (i) the coupling of
the pump modes with two external coherent driving fields of amplitu-
des £ , E, and (ii) the decay of the three cavity modes due to the
coupling with reservoirs.

With use of standard methods, a Fokker-Planck equation in positi-
ve P-representation for the system is found, from which stochastic
differential equations for the complex field amplitudes are ob—
tained

. _ <+

ao(t) = =% + xo a0 + Ro(t)

& (t) = - yo, - 2 xoPa} + Eexp(is,) + R (t) (8>
1 - 1 2 o 2 Xpite, 1

&2 (t)y = - ro, - % vaa:- + Eexp(i¢2) + Rz (t)

Here r_, y=r =r, are the damping constants for the modes v, and o ,
w, respectively, E 1is the amplitude of the driving fields
E "2=£exp(i¢‘.2), and ¢1, ¢2 are arbitrary phases of the driving
flelds. R} are Gaussian noise terms with the following nonzero cor—

relations

<R_(tIR_(t')> = xor o S(t-t' ), <R _(£)R, (t')> = - % a;eS(t-t' ). (9)

In order to analyze the gquantum fluctuations of the modes we ap-—
Ply a linearized treatment of fluctuations about the stable steady-
state solutions. It is worth noting that, as ¢opposed to the standard
scheme of FWM, for the present system there exist three types of
stable steady-state solutions. They correspond to the three posseible
regimes of oscillation: one below the generation threshold E<E  and
two different above-threshold regimes at E <E<Z2E  and E<2E . The
threshold value of the amplitude E is E= = (r_/x)"".
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The results for the cavity-ocutput intensities N {in photon
K
number units per unit time) for the modes . n the abovie--Lhireshold

¥

regime are following. In the region 1<s 22 (SEE/Q%; we: howve (5,61

44" e 'Zq‘\ ;' : - 2
ot (b} it ot O ~7
N i S N =N = - = 3 {1C
. 2 o1y, NN — 1 } , (10..0)
armxi in the region <32:
L Ay o i i “ Yo et B
ol ] R o & .
N = . N =N = —j= - 1 {10_b)
o X ' 1 2 x 2

The steady-state phases w] of all the three modes are daef ined

above threshold and equal bd
i i 4 ) i it 1 - A > ‘:)
§Q—¢1 > ¥2—¢2 N (¢;+¢é)/2- (113

So, they are determined by the phases of the driving flu]dn-%, ¢?.

Squeezing spectra above threshold

We calculate the gquadrature fluctuation variance for all Lhe
three intracavity modes and corresponding esequeezing opectrs for the
cavity—-output fields. We would like to point out at once that oo
effective squeezing occurs for each of the three modes above tLhre
shold [5,6]. This is an extremely interesting feature of the doublae-
color-pumped FWM oscillator.

The maximal squeezing is realized for the phase of the local
oscillator equal to wa3+% and is determined by the fiuctuations ol
phase variables

Sj(w) =1+ 8?;2 <5¥3(-w)évu(w)> > (12)

where nz is the intracavity steady-state photon number of the

un—mode-

Examples of the curves of the squeezing spectrum for the signal
mode are plotted in Fig.8 for different values of porametere ©  and
r:,vo/,v ;

Our analysis show that a noise reduction below the shot noise le-
vel may reach approximately 100% in the whole above-threshold region
£>1 and for rz10. The higher yo/? the better the squeezing. However,
the intensity of this field is limited by the value No:éyoy/&_ Gerie:

ration of more intense light in the squeezed state ococurs at Lhe

ONQINAL PAGE 15
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pamp field frequencies. The corrvesponding oubtput  intensities Hoow
with increase ot the incident fields. However the maximal sgueazing

may roach approxXimately L0% for cerctain values of the rcatio 30/}-

S, (w)
1.0

0.5

o e a a A e e
-8 -4 o 4 8
/'y,
Fig. 8. Squeezing opectrum So(w) vETSuUsS wiPO: e=1.1, r=2 - {solid
line); «=4, r=10 - (dotted line).

We restrict ourselves by representation of the squeezing spectrum

Slz(mqw) at the pointe of minima w:wcu- The dependence of this

quantity on the parameter » is plotted in Fig.3.

L]

s%ﬂaqwo
1t

0.8

0.6

o 2 4

Fig.9. Dependence of the guantity S (w ') on (1) £z=2.2,
(2) e=2; (3) «=6.

Thus we find that the double-color-pumped FWM oscillators is
extremely promising for the above-threshold generation of one-mode
bright squeezed light.
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Sub shot-noise correlations of bright sqgueczed ight beamo

Now we shall present the results on the sub shot nvise corcelati
ons in the above-threshold regime. We consider the correlations  be-
tween both the intensities and the phases of the jlateracting modes.

In the well-known processes of nondegenerate FWM  and  purametreic
down-conversion, the photons of two generated modes are  created  in
pairs and a poeitive correlation <5n1&n2>>0 between the photon (UM
ber fluctuations of these modes occurs. lt results in the reduction
of quantum fluctuations below the shot-nivise level in the inteossily
difference of the modes. This phenomena has been observed for Lhe
first time in intracavity nondegenerate parametric oscillator by
A_Heidmann et al [7].

In our nonlinear system we have found another manitfestation of
such an effect. It consists of the reduction of quantum noise in the
intensity sum of the puwmp modes [81. The explanation of this pheno
mena is following. The photons of two pump modes are annihilated  in
pairs and the pump modes acguire correlated statistical propertioes,
which are characteristic for two-photon absorption. As a result, the
correlation between initially uncorrelated coherent pump ficlds  be
comes negative <énién2><0- And this fact results in the oub shot
noise fluctuations in the intensity sum of the cavity output beams.
We shall not dwell on the particular quantitative results. Note only
that the maximal noise reduction may reach approximately 100% in the
limit #—2, when the pump depletion is maximal.

A more interesting feature of our FWM configuration is connectad
with the correlations between the phases of the pump modes. They are
studied in terms of the guadrature phase operators, as applied to
the twin homodying experimental measurements.

In general the variance of the sum or difference of Lhe quadratu

re component operator
3

() B2 . . .
- 1 1 ob o I 3 P
biz ( .’ 2) ([u[\i \1]] > 5, (X ae ERY IS ) {153

contains the contributions from both the intensity and phase varia
ble fluctuations of the modes.

In our system we can select properly the phases of the local os-
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cillators and Lo @get the variance as expressed in terms of the phase

PFluctuastions only. The rosult can be written as follows

() Dedn Ly by }2 > {14)

} -
2 1 2
Noebe, that such a possibtlity do not exist in parametric processes
with phase diffusion effect. The nonclassical correlations between
the phase fluctuations are manifested in the variance fo)
In our system the variance of the phase difference fluctuaations

Lo pepabive (o poesitive Foreprecentation)

:,Q;(}/ri e )?5 = - _t —-—]— 1< (153

207 2= 7
and 80 we obtain a reduction of gquantum fluctuations below the shot
noise level in the difference of the quadrature phases: V;2<2-
A simple snaiytical result is obtained also for the measored
cavity-outpat fields. The corresponding spectrum of the guadratuore

phase difference fluctusations in the region 1442 ie following

Y 1( ; ) () /’.S'Lm;‘m't = 1 + 4n <éw.:1 {—w )éwi {w)> + &n <é.ylz { -w )é,wz {w)> -

4(=-1)

(16)
2 aqusr )’

- Brn Re(r_i‘wi { —~w )éwz {w)> = 1
We see Lthat the noise reduction up to 100X is possible in the limit
2 at zerc frequency. In the region £>2 the shape of the spectrum
is complicated and the noise level is increased.

Finally we present some resulis concerning the optical spectra of
Lthe cavity-output squeezed light. We consider the intensity spectra
of each of the three nonclassical light beame arcund the frequencies
o (7=0,1,2). These spectra contain a delta-function peak correspon-
ding to coherent part of radiation and a broadened noncoherent part.
The broadened parts of spectra are caused by the quantum fluctuati-
ons of the field. In the lowest order in guantum fluctuations they
contain two contributions, arising from the temporal correlations of
the plhiase: and intensity fluctuations ﬁ&n(t+r)énl(t)>,
<hwﬂt+r)éth}>. Depending on the contribution strength, a two- or
four-peaked structure of noncoherent part of spectra arise in the
case 0of oscillating character of these correlations.

An example of four-peaked spectrum for the pump field is repre-

sented in Fig.l10. Here the one pair of the peaks is caused by the

QRN Pree =
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phase fluctuations and the other one - by the intensity Diacbuatid
ons. The fact, that is interesting here, is Lthe separation in frogu
ency of these two contributions. So it seems Lo be ponoible Lo inler
the information about the phase fluctuations from Lhe usaal b bl

spectrum.

T(w)
60

40

20

0 1 1 I
-1 =05 0 Q.5 1

(w-w/Y

Fig.10. The noncoherent part of the intensily gpectrum o the

=~

pump mode'ﬂ: cug g, r=0_0h
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